Abstract Visualization of subcellular structures and their temporal evolution is of utmost importance to understand a vast range of biological processes. Optical microscopy is the method of choice for imaging live cells and tissues; it is minimally invasive, so processes can be observed over extended periods of time without generating artifacts due to intense light irradiation.
Introduction
Optical microscopy has been with us for more than 400 years. Early designs of compound microscopes appeared in the late 16th century and, after slow advances during the following centuries, the design of conventional light microscopes was essentially pushed to its physical limits in the second half of the 19th century, especially as a result of the work of Ernst Abbe, Otto Schott, and Carl Zeiss in Jena, Germany. Abbe, among others, realized that there is a fundamental limitation to the resolution of optical images due to the requirement for the objective lens to capture the first-order diffraction from a structure with a particular spacing (Abbe 1873). The famous Abbe resolution law,
states that, to distinguish two objects in an image, their lateral separation must be larger than a minimal distance, d, which depends on the wavelength, l, and the numerical aperture, n sin α, with refractive index, n, of the medium between the object and the objective lens; α is the halfangle of the objective lens aperture. This popular relation led to the widely held belief that structures smaller than 200 nm cannot be resolved by using far-field optical microscopy with visible light. Other techniques were subsequently developed for the determination of biological structures down to atomic resolution. X-ray crystallography (Friedrich et al. 1913 ) was applied by Kendrew (Kendrew et al. 1960) and Perutz (Perutz et al. 1968) for the determination of protein structures after solving the phase problem, and it has subsequently become a routine method to solve protein structures. Electron microscopy (Knoll and Ruska 1932 ) is available for high-resolution protein structure determination using two-dimensional protein crystals (Henderson and Unwin 1975) and, more recently, the structures of large biomolecular aggregates are being tackled using electron tomography (Lucic et al. 2005) . Although atomic force microscopy (Binning et al. 1986 ) is limited to surfaces, it has also been very useful for structural studies, especially of membrane proteins (Müller et al. 2008) . Even a spectroscopic method, nuclear magnetic resonance (NMR) spectroscopy, which only indirectly probes spatial scales via their effects on magnetic transitions of nuclear spins, has become a powerful tool for protein structure determination (Wüthrich 1987) , which provides a wealth of information on the dynamics as well (Lange et al. 2008 ). Yet, for visualization of biological structures and processes inside living organisms, light microscopy, despite its resolution limitation, is the method of choice. X-ray diffraction, NMR, and electron microscopy require special samples, mostly in-vitro preparations, and are thus not applicable to studies of living specimens at high spatial resolution. Light microscopy, by contrast, is easy to use, fast, and noninvasive, and thus ideally suited for the observation of living systems, as was already appreciated by scientists including Hooke, Malpighi, and van Leeuwenhoek in the 17th century. Later, in the 19th century, Schleiden, Schwann, Fleming, and others, laid the foundations of cell biology using optical microscopy.
Optical microscopy using fluorescence detection appears particularly powerful for cellular imaging (Pawley 2006) . It relies on the reemission of light absorbed by fluorophores that are attached to structures of interest in specific ways to make them visible. Fluorescence light is delayed in time and red-shifted in wavelength and, therefore, can be very well separated from the incident and elastically scattered light, leading to excellent image contrast. Most commonly, organic dyes and fluorescent proteins are used as fluorescence markers. Organic dyes are comparatively small (1-2 nm) molecules that can be attached to cellular structures in various ways. There are a great variety of bright fluorescent dyes around that are relatively resistant to photobleaching.
In recent years, novel fluorescent biomarkers of ∼5-10 nm diameter have been developed based on nanocrystals, including metal (Zheng et al. 2007 ), semiconductor (Michalet et al. 2005) , and nanodiamond (Fu et al. 2007 ) quantum dots. Although these markers have not yet found as widespread application as organic dyes, they show great promise as fluorescent markers due to their excellent brightness and photostability. Fluorescent proteins are a class of small proteins (∼3 nm) that spontaneously produce a fluorescent chromophore in their interior (Nienhaus 2008) . Although the photophysical and photochemical properties of this fluorophore do not match those of synthetic dyes or nanocrystals, their key advantage is that these marker proteins are genetically encoded and, therefore, are produced by the cell itself (Shimomura 2006) ; no further staining steps are necessary prior to the experiment. By fusing the DNA encoding the fluorescent protein to the gene of a protein under study, the cell expresses the protein as a so-called fusion protein, which has an additional domain that renders the protein fluorescent.
Exciting new developments in light microscopy started ∼20 years ago. In addition to tremendous advances in fluorescence labeling technology, the field has enormously benefited from technical developments of key microscope components, i.e., powerful laser light sources (pulsed and cw lasers), detectors performing close to their physical limits (CCD cameras, avalanche photodiodes), optoelectronics and nanomechanical equipment for beam steering and sample positioning and, probably most importantly, computers that are capable of storing vast amounts of data and processing images in reasonable amounts of time. Since diffraction is a fundamental physical property of the wave nature of light, there is no way of literally breaking the optical resolution limit. However, researchers have introduced clever strategies that exploit the nonlinear response of fluorescent dyes to light excitation to retrieve spatial information beyond the Abbe barrier, using ingenious microscope implementations, which will be surveyed in this review.
Microscopy designs and confocal techniques
There are two basic far-field fluorescence imaging modes, wide field and confocal. In wide field epifluorescence microscopy, the excitation light impinges on the sample via the objective, which is also used to collect the reemitted fluorescence. The entire field of view is imaged with an areasensitive detector (CCD camera). There is no discrimination of light along the optical axis; planes at all depths of the sample contribute. However, a sharp image is only formed close to the focal plane; the light emanating from the other planes produces a background blur that may obscure features in the focal plane. The researcher can resort to very thin samples (z<2 μm), or the excitation has to occur by means of total internal reflection fluorescence (TIRF) (Thompson et al. 1981) . In this microscopy technique, light is reflected off a surface to a medium of lower refractive index n. The evanescent wave in this medium decays exponentially in the axial direction and excites fluorophores only within typically 100 nm from the surface. Therefore, the technique provides excellent axial discrimination but lacks 3D capability.
Confocal microscopy is a raster scanning approach, in which a point source, by means of the microscope objective, is imaged to a point in the focal plane of the sample. The fluorescence emanating from this point is collected through a pinhole that is geometrically confocal to the source, i.e., virtually at the same position (apart from the fact that a dichroic mirror separates excitation and emission paths). Only light from the focal plane is efficiently transmitted through the pinhole, whereas light emanating from out-of-focus planes is blocked. Therefore, this method provides axial resolution (∼500-800 nm), and 3D images can be taken by scanning either the laser or the sample laterally (x-, y-directions); the z-direction is controlled by varying the distance between sample and objective. Since the point spread function (PSF, Fig. 1a) , i.e., the image of a point-like object is the convolution of the PSF for excitation and emission in confocal microscopy, the method features a slightly improved lateral resolution over standard microscopy.
To achieve depth discrimination, one may also resort to two-photon excitation. Fluorescence in the optical spectrum can be excited by using two infrared photons of half the energy (or twice the wavelength), provided that the spatial and temporal density of photons is high enough that the process can take place with a suitable yield. The temporal density is ensured by using pulsed laser sources, typically titanium-sapphire (Ti:Sa) lasers. Due to the quadratic dependence of the fluorescence emission on the excitation intensity, the intensity can be adjusted such that the spatial density is only high enough in the focus of the objective but not anymore in neighboring axial planes. Consequently, out-of-focus emission is attenuated, leading to optical sectioning in the axial direction (Denk et al. 1990 ). Additionally, the imaging depth is increased due to the lower Rayleigh scattering of infrared light, allowing for deep tissue studies (Helmchen and Denk 2002) .
To further improve the axial resolution of the confocal microscope and, at the same time, to collect more of the incoherent photon emission emanating from the sample in all directions (into the entire solid angle, 4π), an interferometric arrangement of two opposing objectives is implemented in 4Pi confocal microscopy (Hell and Stelzer 1992) . The two counterpropagating wavefronts are coherently superimposed at the excitation spot or at the detector or at both, resulting in an observation volume that is sharpened in the axial direction by a two-source interference pattern (Fig. 1b) . Side lobes appear in the 4Pi image that can be suppressed fairly efficiently by two-photon excitation and confocal detection and finally be removed by postprocessing, i.e., using a mathematical deconvolution algorithm on the raw data. As an example, we compare confocal, 4Pi raw and 4Pi deconvoluted images of Escherichia coli bacteria in Figure 1c -e.
In 4Pi confocal microscopy, an axial resolution of ∼100 nm is typically achieved (Gugel et al. 2004; Glaschick et al. 2007) . Although the lateral resolution is unchanged, structures appear more clearly because of the excellent sectioning in the axial direction. I5M also utilizes this interferometric approach, although in a wide field Fig. 1a -e Principle of 4Pi microscopy. a When using only a single objective, fluorescence photons can only be collected from less than one half the total solid angle (2π), and the PSF of a standard confocal microscope is extended in the axial direction. By using two objectives in an interferometric arrangement, coverage of the full solid angle (4π) is approximated more closely. An interference pattern arises with a sharp maximum in the axial direction. b The limited aperture angles of the objectives give rise to side lobes that can be removed by mathematical deconvolution. c Confocal image of membrane-stained (DiI) E. coli bacteria. Scale bar 500 nm. d Raw 4Pi image of the same specimen; the effects of the side lobes are clearly visible. e 4Pi image after deconvolution design (Gustafsson 1999 ). One of the major applications of 4Pi and I5M microscopy has been the study of subcellular organelles in 3D (Nagorni and Hell 1998; Gustafsson 1999; Egner et al. 2004; Medda et al. 2006; Ivanchenko et al. 2007 ). These two concepts have subsequently been combined with techniques that improve the lateral resolution so as to improve the resolution in all three dimensions, 4Pi-STED (Dyba et al. 2003) and I5S ), as will be discussed below.
Reversible saturable optical fluorescence transitions-based super-resolution microscopy Stimulated emission depletion (STED) microscopy (Hell and Wichmann 1994) , or more generally, reversible saturable optical fluorescence transitions (RESOLFT) microscopy (Hofmann et al. 2005; Bossi et al. 2006 ) is based on a targeted, point-scanning approach in a rasterscanning confocal microscope. STED, the earliest realization of super-resolution microscopy (Hell and Wichmann 1994) , is closely related to saturated structured illumination microscopy (SSIM, see below), in which regular illumination patterns are used instead of point-scanning (Hell 2009; Heintzmann and Gustafsson 2009 ). All these techniques have in common that they utilize nonlinear responses of the fluorophores to light irradiation, i.e., switching between dark and bright states.
In a STED microscope, the exciting focused spot of a confocal microscope is spatially overlayed with a depletion beam that has an annular shape in the focal plane, with zero intensity in the center. Consequently, fluorophores that do not reside close to the center are efficiently deexcited by stimulated emission of photons in the direction of the depletion beam, so they do not reach the detector. Only fluorophores near the center can thus emit spontaneous fluorescence photons (Fig. 2a) . Therefore, the effective size of the excitation PSF is smaller than the usual diffractionlimited PSF, and the higher the intensity of the depletion beam, the more the fluorescence is confined to the central region (Hell 2007) . The achievable resolution can be expressed as
where l is the wavelength, n the refractive index, α the half-angle under which the fluorescence is collected, I S the characteristic saturation intensity of the fluorophore, and I STED the intensity of the STED beam. STED is a method . e STED image of the same region, the cross-section marked by a white bar features a width of 68 nm; scale bars 1 μm. Reprinted with kind permission (Moneron et al. 2010) that relies on general physical principles of light-matter interaction; no special switching capabilities of the fluorescence markers are needed. However, the markers must show excellent photostability because the fluorophores undergo a large number of excitation-depletion cycles while both excitation and STED beams are scanned across the sample (Fig. 2b) . Figure 2c depicts a STED image of vimentin filaments in PtK2 cells labeled with primary and secondary antibodies (Moneron et al. 2010) . These images were recorded with continuous-wave fiber lasers, which avoids the need for temporal synchronization of the excitation and the depletion beam when using laser pulses (Willig et al. 2007) . With a combination of wave plates as beam shaping devices, the excitation and depletion beams are intrinsically overlayed and do not require additional alignment (Reuss et al. 2010) . STED microscopy can be further combined with 4Pi microscopy to improve the axial as well as the lateral resolution (Dyba et al. 2003) . One can also shape the pattern imprinted on the wavefront of the depletion beam that extends the depletion to the axial direction, thus avoiding the complexity introduced by the use of two objectives (Wildanger et al. 2009 ). STED has already been successfully applied to various biological applications. For example, live cell imaging was performed by using photostable variants of fluorescent proteins Nägerl et al. 2008) . The movement of synaptic vesicles in living neurons could be studied at video frame rates using fast beam scanners (Westphal et al. 2008) . Two-color STED has also been implemented and applied to studies of synaptic proteins in neurons at a resolution of 30 nm (Meyer et al. 2008 ) and the distribution of proteins in the mitochondrial membrane (Donnert et al. 2007 ). Additionally, since a STED microscope is confocal, fluorescence correlation spectroscopy (FCS) can be performed with a significantly reduced confocal volume (Kastrup et al. 2005) . STED-FCS was applied in the direct observation of the nanoscale dynamics of membrane lipids in the plasma membrane of a living cell ). The potentially unlimited resolution of STED microscopy has been confirmed by the localization of fluorescent nitrogen-vacancy centers in diamond with subnanometer precision (Han et al. 2009 ). Other principles than stimulated emission can be used to deplete the active state of the fluorescent markers around the center of the excitation beam, including pumping of a triplet state (Hell and Kroug 1995; Bretschneider et al. 2007) or exploiting a photoswitching mechanism, e.g., cis-trans isomerization of fluorophores between bright and dark states (Hell 2003; Hofmann et al. 2005; Dedecker et al. 2007 ). This generalization has been termed reversible saturable optical fluorescence transitions (RESOLFT) (Hofmann et al. 2005; Bossi et al. 2006 ).
Structured-illumination microscopy
Structured-illumination microscopy (SIM) utilizes the possibility of transforming local information into global information by using a Fourier transform (Gustafsson 2000) . Lack of detail, i.e., resolution, in real space corresponds to the absence of high spatial frequencies in Fourier space. When illuminating fine structures in the sample (Fig. 3a) with a pattern, for example a line grid (Fig. 3b) , a beat pattern (Moiré fringes) with lower spatial frequency than the original structures emerges in the resulting image (Fig. 3c) , containing information about the higher spatial frequencies. Patterned illumination is used in combination with wide field imaging. To acquire an image, a set of raw images is recorded by shifting and rotating the illumination pattern so as to maximize coverage of frequency space. Based on the known illumination pattern, high resolution images can be reconstructed by using a mathematical algorithm. Because of diffraction, the periodicity and thus the spatial frequency of the illumination pattern is limited, so that the resolution gain of structured illumination in the linear mode is only a factor of two (as is the case for confocal microscopy). SIM has been extended to the third dimension by using three coherent beams (3D-SIM) and by combining SIM with I5M into a technique called I5S, for which an axial resolution of ∼100 nm has been reported . SIM works with all types of fluorophores and is easily extended to multicolor applications (Schermelleh et al. 2008 ). An example is shown in Fig. 3 , where a conventional wide field image (Fig. 3d ) is compared with a SIM image (Fig. 3e ) of a primary chicken fibroblast. Recently, the SIM method has been extended to provide, in principle, unlimited resolution. By optically saturating fluorescence markers in the sample, a nonlinear response of the fluorescence signal to the excitation intensity is achieved. Consequently, the periodic pattern contains higher harmonics of its fundamental frequency, which is key to the resolution enhancement (Heintzmann et al. 2002) . For saturated SIM (SSIM), a lateral resolution of ∼50 nm was demonstrated (Gustafsson 2005) . One of the main advantages of the SIM principle is the fast image acquisition. A frame rate of up to 11 Hz has been reported (Kner et al. 2009 ), making SIM an excellent tool for live cell imaging experiments (Hirvonen et al. 2009 ).
Localization-based super-resolution microscopy
Single-molecule, localization-based super-resolution microscopy uses photoactivatable fluorochromes to disperse spatial information in the time domain. It has long been known that the position of single fluorescence emitters can be determined with a precision that significantly exceeds the width of the PSF, which governs the resolution in standard imaging. Indeed, individual steps of motor proteins along filaments were analyzed with 1 nm accuracy using singlemolecule optical imaging assays (Yildiz et al. 2003; Yildiz and Selvin 2005) . In conventional fluorescence microscopy, a high density of fluorescence markers is required to faithfully image fine structures, but many fluorophores emit at the same time. Their PSFs overlap in the resulting image, so they cannot be localized individually. With the advent of photoactivatable fluorophores, the emission properties of which can be controlled externally by light, we finally have tools at hand that allow us to localize individual fluorophores with high precision. We start with all markers in their inactive (off) state, and then we activate them sparsely so that in each image frame only a few appear, which then can be localized individually. By repeated acquisition (10-100 frames per second), we collect a large number of frames (10 2 -10 4 ) that are all analyzed individually. Finally, we reconstruct an image from the measured loci in all frames. For these experiments, photoactivatable fluorescent proteins (PAFPs) have been shown to be very convenient, as they can be used as fusion markers for a particular protein under study. EosFP is a popular photoactivatable fluorescent protein, which changes its fluorescence irreversibly from green to red upon illumination with ∼400 nm light (Wiedenmann et al. 2004; Nienhaus et al. 2006; Wiedenmann and Nienhaus 2006) . By appropriate adjustment of the 400-nm activating laser intensity, only a few molecules are converted to red emitters and registered in the red color channel during acquisition of a CCD image for 30-100 ms. While recording a series of images, the activating laser is adjusted such that photoconversion and photobleaching are balanced until the supply of fluorescent markers is depleted. The positions of the fluorophores in each individual image are determined by software, and the final reconstructed image is a density map depicting the distribution of emitters at a resolution in the range of a few tens of nanometers. The entire process is illustrated in Fig. 4a . The 2D localization precision, i.e., the standard error of the mean,
depends crucially on the number of photons, N, detected from each fluorophore; σ PSF is the standard deviation of the PSF, a is the camera pixel size, and b the background noise (Thompson et al. 2002) . Thus, there are three contributions to the localization error: the first term represents photon statistics, the second term comes from the finite size of the detector pixels, and the last term arises from the background noise. The equation indicates that the uncertainty in the determination of the mean of the distribution decreases and approaches zero as the number of collected photons increases.
A variety of localization-based concepts have been developed independently, such as photoactivated localization microscopy (PALM) (Betzig et al. 2006 ), fluorescence Fig. 3a -e Structured illumination microscopy (SIM). a Specimen with structures that are too close to be resolvable by conventional optical microscopy. b A periodic pattern with a repeat distance at the diffraction limit is used for sample illumination. c In the overlay of the two patterns, the unresolvable sample structures become visible as a Moiré pattern whose spatial frequency can be resolved. d Conventional wide field image and e SIM image of a primary chicken fibroblast with immunofluorescence staining of Factinin (green) and microtubuli (red). Scale bar 1 μm. The images were acquired with Zeiss technology 'Superresolution mit ELYRA (http://www.zeiss.de/ elyra)' photoactivation localization microscopy (FPALM) , and stochastic optical reconstruction microscopy (STORM) (Rust et al. 2006) . In general, synthetic dyes are more photostable than fluorescent proteins and, therefore, provide a higher localization precision. For example, ∼6,000 photons per molecule were reported per switching cycle using the photoswitchable fluorophore pair Cy3-Cy5 (Bates et al. 2005 (Bates et al. , 2007 , whereas tdEosFP, one of the brightest PAFPs for PALM imaging, yields only ∼2,600 photons per molecule (Shroff et al. 2007) , and monomeric FPs often only a few hundred photons (Fuchs et al. 2010) . However, that number still suffices for a ten-fold resolution enhancement, and FPs are easier to use and ideally suited for in vivo experiments because they are expressed by the cell itself (Hess et al. 2007; Shroff et al. 2008) . Synthetic dyes, by contrast, require specific buffer conditions involving high concentrations of reductants for photoswitching, and additional labeling procedures that limit their application to fixed specimens (Bates et al. 2005; Heilemann et al. 2005) . PALM with independently running acquisition (PALMIRA) ) is a simplified version of PALM that uses only a single laser line, and direct STORM (dSTORM) is a simplified version of STORM that avoids the second dye molecule for activation (Heilemann et al. 2008) . Blink microscopy (BM) uses oxidizing and reducing agents for continuous switching of single oxazine dyes so as to control the off-and on-times, respectively (Vogelsang et al. 2009 ). By introducing a simultaneous two-color stroboscopic illumination (S-PALM), the speed of PALM imaging was increased by fast switching of variants of the fluorescent protein Dronpa ). In ground state depletion followed by individual molecule return (GSDIM), dye molecules are shelved in the triplet state from which they return spontaneously . In point accumulation for imaging in nanoscale topography (PAINT), fluorescent molecules are in their nonfluorescent off-state while diffusing freely and switch to the on-state upon binding to the structure to be imaged (Sharonov and Hochstrasser 2006) . Super-resolution optical fluctuation imaging (SOFI) relies on higher-order statistical analysis of temporal fluctuations, e.g., fluorescence blinking of quantum dots, to obtain subdiffraction optical resolution in all three dimensions (Dertinger et al. 2009 ).
The popularity of localization-based high resolution microscopy has led to various new developments in the field of fluorescence markers, especially in the field of photoactivatable fluorophores. Different emission spectra allow for dual color PALM experiments (Bates et al. 2007; Bock et al. 2007; Schönle and Hell 2007; Shroff et al. 2007; Andresen et al. 2008; van de Linde et al. 2009 ). Cellular dynamics has been studied (Shroff et al. 2008) , and high resolution pulse-chase experiments have also been implemented (Fuchs et al. 2010) . A great advantage of these localization-based super-resolution methods is that they do not rely on any special microscopy hardware. In principle, these techniques can be implemented on any existing wide field microscope that is equipped with a fast and sensitive CCD camera as well as lasers for excitation and photoactivation of the fluorophores. Only software is required in addition, for localization of the individual fluorophores and for reconstruction of the final, high-resolution images. Frequently, a TIRF microscope is preferred for its limited depth of view, so that contrast is improved in comparison to standard wide field microscopy. This technique was applied when observing live HeLa cells expressing an α-actininmIrisFP fusion construct shown as a TIRF/PALM overlay in Fig. 4b .
The localization of fluorophores has been extended to the third dimension in various ways. In the astigmatismbased method (Huang et al. 2008 ), a cylindrical lens is introduced into the detection path to distort the shape of the PSF, and the distance to the focal plane can be extracted from the shape of the distorted PSF. Alternatively, a spatial light modulator (SLM) is placed in the Fourier plane of the imaging system (Pavani et al. 2009 ). Thus, every object point is convoluted with two double-helical lobes, with the angular orientation of the lobes depending on the axial location of the object above or below focus. In biplane PALM (BP-PALM), the z-position of a fluorophore between the two focal planes is computed by fitting a three-dimensional model of the PSF to the two images of this fluorophore (Juette et al. 2008) . Axial sectioning can also be achieved by using two-photon excitation (Fölling et al. 2007) or interferometric designs (iPALM) (Shtengel et al. 2009 ). In iPALM, two opposing objectives collect photons emitted by the fluorophores in an interferometric fashion, as in 4Pi microscopy. Due to the photons' selfinterference for equal path lengths, the distance of the emitter from the focal plane can be determined with a very high precision of 10-20 nm. Additionally, twice the number of photons is collected, which further improves the lateral localization precision. With this technique, the vertical composition of focal adhesions was studied in great detail (Shtengel et al. 2009 ). In virtual volume superresolution microscopy (VVSRM), a tilted mirror is positioned close to the sample to capture a side view in addition to the front view, thus yielding isotropic 3D resolution (Tang et al. 2010 ).
Recent years have also witnessed great improvements in PALM image analysis. Careful image analysis is required to generate excellent high resolution pictures by localization of single molecules. These calculations are computationally demanding, and until very recently, image reconstruction took much longer than data acquisition. Consequently, researchers were only able to assess the quality of their data long after the measurement. By using a triangulation algorithm (Andersson 2008) , localization can be performed during data acquisition. An instant high-resolution preview is thus available, making the data acquisition procedure more intuitive and interactive (Hedde et al. 2009 ). By parallelizing molecule localization using modern graphics processing units (GPUs) instead of the conventional central processing units (CPUs), localization can be speeded up by orders of magnitude while maintaining a high localization precision (Smith et al. 2010; Quan et al. 2010) . These developments are welcome to keep up with even faster cameras that will become available in the near future. Localization software is also available as an ImageJ plugin for an out-of-the-box application (Henriques et al. 2010) , which even includes a 3D reconstruction algorithm.
Considerations and limitations
In general, the higher the required resolution in superresolution microscopy, the higher are the demands on the fluorophores. 4Pi, I5M, and SIM do not rely on special dye characteristics and are, therefore, not more demanding on the dyes than conventional fluorescence microscopy techniques. Note, however, that at higher resolution with subsequently reduced pixel/voxel size, more photons are required to reach a certain signal-to-noise level for mere statistical reasons. For localization-based techniques, the number of photons emitted by a single fluorophore is essential for the localization precision and, consequently, the achievable resolution (Thompson et al. 2002 ). An even more pertinent issue is the lifetime of the dark and bright states of the fluorescent markers. The PSFs of the single emitters must not overlap. Therefore, the molecules must be maintained in their dark state considerably longer than in their bright state (van de Linde et al. 2010) . Another criterion is the dynamic range, i.e., the intensity ratio between the bright and dark states. The probability of the fluorophore emitting a photon while in its nonfluorescent state must be sufficiently small to achieve a reasonable contrast. In RESOLFT microscopy, the brightness of the individual molecule is less important than a high resistance to switching fatigue. The fluorescence markers have to undergo many transitions between the fluorescent and nonfluorescent states before contributing appreciably to the image. In STED microscopy, the high intensity of the depletion beam (>1 GW/cm²) may cause photodamage in living specimens (Klar et al. 2000) . A common aspect of all high-resolution fluorescence microscopy techniques is that the labeling density has to be at least twice as large as the desired resolution (Shannon 1949) .
The ultimate resolution limitation in super-resolution optical microscopy is posed by the ability to precisely label the structure of interest. Evidently, the fluorescent marker cannot reside where the structure itself is located, it has a certain size, and linkers are frequently introduced to specifically attach the fluorophore to a target. In live-cell imaging, too dense labeling may interfere with those processes that are to be studied. When imaging dynamic processes, conditions are naturally even more demanding. Localization-based techniques require the acquisition of a large number of individual frames, from which a single high-resolution image is finally reconstructed. With current CCD camera technology, the frame collection time is limited to the millisecond timescale. Thus, acquisition of super-resolved images presently takes a few dozen seconds at the minimum, processes on the subsecond timescale are too fast to be studied. STED microscopy of live cells at video rate has been demonstrated but is as yet confined to micron-sized regions of interest (Westphal et al. 2008) .
Fluorophores
Except for STED and SSIM microscopy, for which regular dyes can be used, the key to super-resolution imaging is photoactivatable fluorophores. They should be bright in their activated states, i.e., feature both large fluorescence quantum yields and extinction coefficients to produce strong signals above background. Also, spontaneous interconversion between active and inactive forms should be slow compared with light-induced activation, which is especially important for RESOLFT imaging.
Photoactivatable fluorescent proteins are very popular as markers for super-resolution imaging, especially for studies of living cells and organisms. We distinguish two different forms of photoactivation, reversible photoactivation between a bright and a dark state, also known as photoswitching, and irreversible photoactivation, also known as photoconversion, which involves a permanent photochemical modification of the fluorescent protein . The first photoconvertible fluorescent protein, photoactivatable green fluorescent protein (PA-GFP) was generated by mutagenesis of the original GFP (Patterson and Lippincott-Schwartz 2002) , which emits green fluorescence only after intense light irradiation at 400 nm. Later on, a monomeric red fluorescent protein PA-RFP-1-1 became available (Verkhusha and Sorkin 2005) . PA-GFP has been used in FPALM imaging to determine the diffusion coefficient of hemagglutinin in live fibroblasts (Hess et al. 2007 ). However, the low contrast ratio of both photoactivatable proteins restricts their application in super-resolution imaging. In a second class of photoconverting fluorescent proteins, the emission color irreversibly changes from green to red upon irradiation with 400 nm light as in Kaede (Ando et al. 2002) , the engineered KikGR (Tsutsui et al. 2005) , and EosFP (Wiedenmann et al. 2004) . Reversible photoswitchers are required for RESOLFT imaging. The first reported application was with asFP595 (Lukyanov et al. 2000) followed by Dronpa (Ando et al. 2004 ). PS-CFP2 was employed in dual-color superresolution imaging (Shroff et al. 2007) , and rsCherry ) was the first monomeric red fluorescent protein that was photoswitchable. Lately, a fluorescent protein has become available that combines the two photoactivation modes, namely IrisFP (Adam et al. 2008; Fuchs et al. 2010) . It is reversibly switchable in the green and, after photoconversion with 400 nm light, turns into a reversibly switchable red fluorescent protein.
Organic dyes can also exhibit a reversible photoswitching mechanism suitable for super-resolution imaging, including photochromic rhodamines (Fölling et al. 2007) and cyanine dyes, which were employed in the first STORM experiment (Rust et al. 2006) . Photoswitchable dyes are much brighter than fluorescent proteins, but their application in living cells is restricted because they may not be able to traverse the plasma membrane. Moreover, photoswitching requires the presence of thiol reagents at high concentrations, which may not be compatible with the live cell environment. Irreversibly photoactivatable dyes for super-resolution imaging are also available, e.g., Q-rhodamine (Mitchison et al. 1998; Gee et al. 2001) .
Semiconductor nanocrystalline quantum dots exhibit superior photostability and brightness in comparison with synthetic dyes and are commonly used in single-molecule imaging. Recently, RESOLFT imaging has been reported using direct light driven modulation of Mn-doped ZnSe quantum dot fluorescence (Irvine et al. 2008) . The blinking of quantum dots, which can be a nuisance in single-particle tracking, has been taken advantage of in a first application of the SOFI method of superresolution imaging (Dertinger et al. 2009 ).
Outlook
In recent years, a multitude of super-resolution light microscopy techniques has emerged that will be helpful for unraveling the molecular details underlying biological processes in the cell. These variants have very specific properties; they, e.g., provide multi-color, 3D-, or video-rate imaging, but not all of these features are available simultaneously with the same technique in one and the same microscope. Currently, there is a development toward simplified designs that may allow for a wider application of these techniques, especially by nonspecialists. Of crucial importance are efficient and easy-to-handle labeling systems, and brighter, more photostable and smaller fluorescent markers. The first commercial versions of STED microscopy and a combined SIM/PALM microscope have been introduced to the market, and exciting further developments will soon appear on the horizon.
